Based on a fourth generation single crystal (SC) superalloy, TMS-138, we designed new SC alloys that contain higher amount of refractory elements, Nb, Ta, Mo, or Re, for strengthening. The Ru content was also increased to improve the phase stability. The creep strength and microstructure of these alloys were examined and compared with those of the base alloy TMS-138 and a third generation SC superalloy,
INTRODUCTION
Since the introduction in early 80's [1] , Ni-base single crystal superalloys have been widely used as turbine aerofoil materials in jet engines and industrial gas turbines to increase the turbine inlet gas temperatures and improve thermal efficiencies. In the latest civil aeroengines, for instance, so-called third generation SC superalloy CMSX-10 (RR3000) has been used for uncooled intermediate-pressure blades [2] whose metal temperatures can rise above 1000 C at takeoff. This alloy contains up to 6 wt% rhenium (Re) to improve the creep strength. However, the total amount of strengthening elements in 3 rd generation superalloys has been beyond the solubility limit. Consequently, after long-term exposure at high temperatures, significant amounts of detrimental phases, so-called topologically close-packed (TCP) phases containing high Re and other strengthening elements, form to reduce the creep strengths. This limits the actual durability of the components. To avoid this problem, new SC superalloys to be classified as 4 th generation SC alloys are being developed in the world [3] .
In the Japanese government funded project, "High We had reached 1083 C with a fourth generation SC alloy, TMS-138 [4, 5] , which is now being tested for use in a new jet engine to be made in Japan. However, the target had not been achieved yet.
In this study, we are developing next generation SC superalloys that meet the target for achieving new aeroengines and advanced industrial gas turbines with very high thermal efficiencies.
ALLOY DESIGN
New SC superalloys were designed using our fourth generation SC superalloy, TMS-138, as a base alloy. According to the calculations by the NIMS Alloy Design computer Program (NIMS-ADP) [6] , each one of the refractory elements, Nb, Ta, Mo or Re, was added by 0.7at% to TMS-138. The amount of addition, 0.7at%, was decided so that the heat treatment window is larger than 15 C, and the alloy density is smaller than 9.2. Other materials parameters including phase compositions, lattice misfit, creep strengths, and so on, were also calculated and taken into consideration.
The refractory element additions, however, normally decrease the phase stability, and make the alloy TCP-prone. To suppress the possible TCP formation, all the platinum group
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T.E. Howson, R.C. Reed, J.J. Schirra, and S, Walston metal additions were found to be effective, and, for the present work, ruthenium (Ru) was added. The alloy compositions thus designed are presented in Table 1 with those of alloys   CMSX-10K, TMS-75, TMS-138 and TMS-139. TMS-139 is a 4 th generation SC alloy with Ir addition instead of Ru as a microstructure stabilizer [4] .
As Mo and Re partition more to the phase rather than the ' phase independent of Ru addition [7] , and the atomic volume of these elements are larger than that of Ni, the addition of Mo or Re changes the lattice misfit towards a larger negative, as shown in the Table 1 . On the other hand, Nb and Ta partition more to ' phase and change the lattice misfit towards positive direction. Here, the lattice misfit, is expressed as, = (a ' -a ) / a . A larger negative lattice misfit is known to enhance rafting and the formation of a finer interfacial misfit dislocation network; both improve the alloy creep strength [5] . The actual heat treatment conditions thus determined are shown in Table 2 . The heat treatment of the creep specimens was performed in argon (Ar) gas-sealed quartz tubes. After 1 h heating at 1280 or 1300 C, the samples were heated up and held at the solution temperatures for 5 h, followed by air-cooling. Two-step aging treatments were performed, first 1100 C for 4 h, followed by air-cooling, and second at 870 C for 20 h, followed by air-cooling. The microstructures thus Creep tests were carried out mainly at 1100 C/137MPa, 1000 C/245MPa and 800 C/735MPa. At 1000 and 1100 C, a non-contact strain-measuring device developed by the authors and their collaborators was used to obtain precise creep curves; while, at lower temperatures traditional extensometer was used.
EXPERIMENTAL PROCEDURE
Microstructures in as heat treated and creep ruptured samples were examined in a Scanning Electron Microscope (SEM) and a 200kV Transmission Electron Microscope (TEM).
RESULTS AND DISCUSSION
Creep Property
Creep curves obtained at 1100 C/137MPa are presented in During creep at a higher temperature and a lower stress condition such as 1100 C/137MPa, the rafted structure is ideally built up, and the channel parallel to the stress axis almost disappears; as a result, dislocation climbing along the longitudinal direction becomes very difficult. This is the reason why the creep rate decreases when the rafted structure is building up. In this situation, as an alternative way for the gliding dislocations to move, they start cutting into the ' phase as superdislocations [10] . Here, the / ' interfacial dislocation network effectively prevents the dislocation cutting into ' because the gliding dislocations must pass through the dislocation network. The stress, , needed for a dislocation to bow out of the network is expressed as, = Gb/R, where is a constant value, G is the shear stress, b is the Burger's vector, and R is the radius of the dislocation bowing out [11] . As the network becomes finer, the R becomes smaller, and becomes larger. This means that a higher shear stress is needed for the dislocation to pass through a finer dislocation network, which resulted in the relationship shown in Fig. 10 . The remarkable creep strength of TMS-138MoRu (162) and TMS-138ReRu (173) is thus attributed to this fine dislocation network generated on the rafted / ' interfaces. Creep deformation mechanisms described above are discussed more in details by Zhang, et. al, [12] in this same volume. (162) is plotted at 1105 C, which is the highest temperature capability ever reported with SC superalloys. The alloy density was measured to be 9.04, which is similar to that of CMSX-10.
In the last 24 years since the introduction of SC superalloys, e.g., PWA1480 in 1980, the temperature capability of SC superalloys has been improved by 100 C. Further improvements beyond TMS-138MoRu(162) and TMS-138ReRu (173) are theoretically possible with the same methodology established in this work.
CONCLUSIONS
Based on a fourth generation SC superalloy TMS-138, we designed new alloys containing higher amount of refractory elements for strengthening. The Ru content was also increased to improve the phase stability. The creep strength and microstructure of the alloys were examined, and the following conclusions were reached.
(1) The developed alloy TMS-162(138MoRu) and TMS-173(138ReRu) have times to 1% creep deformation at 1100 C/137MPa, about 2.5 times as long as that of TMS-138 and 5 times as long as that of CMSX-10K, which is the third generation SC superalloy used in practice.
(2) There is a clear relationship between the / ' interfacial dislocation network spacing and the minimum creep rate.
As the spacing becomes finer, the creep rate drastically decreases. This temperature capability is the highest ever reported.
